The clock-like properties of pulsars moving in the gravitational fields of their unseen neutron-star companions have allowed unique tests of general relativity and provided evidence for gravitational radiation. We report here the detection of the 2.8-sec pulsar J0737−3039B as the companion to the 23-ms 1
pulsar J0737−3039A in a highly-relativistic double-neutron-star system, allowing unprecedented tests of fundamental gravitational physics. We observe a short eclipse of J0737−3039A by J0737−3039B and orbital modulation of the flux density and pulse shape of J0737−3039B, probably due to the influence of J0737−3039A's energy flux upon its magnetosphere. These effects will allow us to probe magneto-ionic properties of a pulsar magnetosphere. Double-neutron-star (DNS) binaries are rare, and only six such systems are known. However, they can provide wonderful laboratories for the study of relativistic gravity and gravitational radiation (1) . The discovery of such systems has been a prime objective of pulsar surveys since the first, PSR B1913+16, was discovered 29 years ago (2) . Apart from their rarity, they are particularly difficult to find because of the large orbital acceleration experienced by the members of the systems, resulting in large and varying Doppler effects in the observed rotational period.
The pulsar J0737−3039 was recently discovered as part of a high-latitude multibeam survey of the southern sky using the 64-m Parkes radio telescope (3) . It was found to be in a 2.4-hr eccentric orbit with another compact object that the observed orbital parameters suggested was another neutron star. The short orbital period and compactness of the system and the high timing precision made possible by the large flux density and narrow pulse features of this pulsar promise to make this system a superb laboratory for the investigation of relativistic astrophysics.
Relativistic advance of the angle of periastron has already been measured and orbital decay due to gravitational wave emission will be measured with high precision within a few months. The resulting in-spiral will end in coalescence of the two stars in about 85 My (3) . This discovery significantly increases the estimates of the detection rate of DNS in-spirals by gravitational wave detectors (3, 4) . The main features of the observations of B are shown in Fig. 1 , which illustrates the strength of the 2.8-sec pulsed emission in the three frequency bands as a function of orbital phase and pulse phase over the full orbit. Most notable is the variation in the received flux density of the pulsar, that is clearly visible for two brief periods of about 10 minutes duration each centered upon orbital longitudes 210
• and 280
• . Within these bursts, the strength is such that most pulses are detected individually. In addition to the orbital phases where it is always detected, the pulsar often shows weak emission elsewhere, notably between orbital phases 0 • and 20
• (Fig. 1B) . It is likely that observations with greater sensitivity will reveal more widespread emission throughout the orbit. The pattern of the visibility is essentially stable from orbit to orbit and from band to band over the full frequency range of 680 MHz to 3030 MHz. The absence of pulsar B in the discovery observation of A can now be understood, as that observation was made at a longitude of 146
• , where there is little emission from B.
There are significant changes in the shape of the pulses of B with orbital phase (Fig. 1) In order to make timing measurements of the pulsar, a phase-dependent set of pulse templates was created by forming average profiles for each of the three burst regions. These templates were aligned in such a way that the trailing, usually more intense, components were at the same pulse phase. Cross-correlation of data with appropriate templates from this set was carried out to produce times of arrival (TOAs). These TOAs were then compared with a model for the astrometric, rotational and orbital parameters using the TEMPO pulsar timing program (6).
The position and main orbital parameters have been determined from the high-precision timing enabled by the strong, narrow pulses of A (Table 1) . For B, an offset of 180
• was added to the longitude of periastron and the only fitted parameters were the pulsar rotational period, P , its first derivative,Ṗ , and the projected semi-major axis, x B = a B sin i/c, where i is the orbital inclination and c is the speed of light (Table 1) .
Gravitational Physics. With their strong gravitational fields and rapid motions, DNS binaries exhibit large relativistic effects. General relativity and other theories of gravity can be tested when a number of relativistic corrections, the so-called post-Keplerian (hereafter PK) parameters, to the classical Keplerian description can be measured. In this formalism, for point masses with negligible spin contributions, the PK parameters in each theory should only be functions of the a priori unknown neutron star masses and the classical Keplerian parameters. With the two masses as the only free parameters, the measurement of three or more PK parameters overconstrains the system, and thereby provides a test-ground for theories of gravity (7). In a theory that describes the binary system correctly, the PK parameters define lines in a mass-mass diagram that all intersect in a single point. Such tests have been possible to date in only two DNS systems, PSR B1913+16 (8) and PSR B1534+12 (9) (see also (10)). For PSR B1913+16, the relativistic periastron advance,ω, the orbital decay due to gravitational wave damping,Ṗ b , and the gravitational redshift/time dilation parameter, γ, have been measured, providing a total of three PK parameters. For PSR B1534+12, Shapiro delay (11), caused by passage of the pulses through the gravitational potential of the companion, is also visible, since the orbit is seen nearly edge-on. This results in two further PK parameters, r ("range") and s ("shape") of the Shapiro delay. However, the observed value ofṖ b requires correction for kinematic effects (12) , so that PSR B1534+12 provides four PK parameters usable for precise tests (9) .
Extending and improving the timing solution for A (3), we have measured A'sω and γ and have also detected the Shapiro delay in the pulse arrival times of A due to the gravitational field of B (Fig. 2 ). This provides four measured PK parameters, resulting in a m A − m B plot ( Fig. 3) through which we can test the predictions of general relativity (13, 11) . However, the detection of B as a pulsar opens up opportunities to go beyond what is possible with previously known DNS binary systems. Firstly, we can exclude all regions in the m A −m B plane that are forbidden by the individual mass functions of A and B due to the requirement sin i ≤ 1. Secondly, with a measurement of the projected semi-major axes of the orbits of A and B (Table 1) , we obtain a precise measurement of the mass ratio,
a further constraint in the m A − m B plot (Fig. 3 ). This relation is valid for any theory of gravity (7, 14) . Most importantly, the R-line is independent of strong-field (self-field) effects, providing a stringent and new constraint for tests of gravitational theories (13, 11, 15) .
With four PK parameters already available for tests, this additional constraint makes this system the most over-determined DNS binary to date and a truly unique laboratory for relativistic gravity. Moreover, with a significant measurement ofṖ b expected within the next few months, an additional PK parameter will become available. This may provide a sixth constraint if kinematic effects are negligible or can be isolated by proper motion and distance measurements. The position of the allowed region in Fig. 3 also determines the inclination of the orbit to the line-of-sight. It turns out that the system is observed nearly edge-on with an inclination angle i of about 87
• (Table 1) .
Due to the curvature of space-time near massive objects, the spin axes of both pulsars will precess about the total angular momentum vector, changing the orientation of the pulsars as seen from Earth (16) . With the measured system parameters (Table 1) , general relativity predicts periods of such geodetic precession of only 75 yr for A and 71 yr for B (17) . Hence, the relative orientation of the pulsars' spin axes within the system geometry is expected to change on short time-scales. This should lead to measurable changes in the profiles of A and B (cf. (18, 19, 20) ), and perhaps also to measurable changes in the aberration effects due to the rotation of A and B.
Hence, we can expect that additional PK parameters can be measured that are too small to be detected in other binary pulsars. One example of these are the aberration terms A, B and δ r of the DD timing model that we used (13, 11) , assumed to be zero for the present analysis.
In contrast to previous tests of general relativity, we may soon have to use higher order terms than (v/c) 2 to describe the system accurately, the first time this has been necessary for binary pulsar systems. The future high precision of the measurement ofω may demand this first for comparison of the observed value of this parameter with theories of gravity (21) . Deviations from the value predicted by general relativity may be caused by contributions from spin-orbit coupling (17) , which is about an order of magnitude larger than for PSR B1913+16. This potentially will allow us to measure the moment of inertia of a neutron star for the first time (21, 22) .
Origin and evolution of the double-pulsar system. The existence of DNS binaries can be understood by a binary evolution scenario which starts with two main sequence stars (e.g. (23)).
The initially more massive star evolves first and eventually explodes in a supernova to form a neutron star. Under favorable conditions, this neutron star remains bound to its companion and spins down as a normal pulsar for the next 10 6 -10 7 yr. At some later time, the remaining (secondary) star comes to the end of its main-sequence lifetime and begins a red giant phase.
Depending on the orbital parameters of the system, the strong gravitational field of the neutron star attracts matter from the red giant, forming an accretion disk and making the system visible as an X-ray binary. The accretion of matter transfers orbital angular momentum to the neutron star, spinning it up to short periods and dramatically reducing its magnetic field (24, 25) . A limiting spin period is reached due to equilibrium between the magnetic pressure of the accreting neutron star and the ram pressure of the infalling matter (23, 26) .
A crucial phase in the evolution of close DNS binaries like J0737−3039 is the dramatic reduction in orbital separation that occurs when matter from the secondary star is expelled from the system, resulting in a very compact system consisting of a helium star and a neutron star (27, 28) . A sufficiently massive helium star will ultimately undergo a supernova explosion Probing pulsar magnetospheres. The separation of the two pulsars in their orbits (Fig. 4 top) is typically ∼900,000 km or 3 lt-s (the distance light travels in three seconds). The large orbital inclination means that, at conjunction, the line-of-sight to one pulsar passes within about 0.15 lt-s of the other (Fig. 4 bottom) . This is substantially smaller than the 0.45 lt-s radius of B's light cylinder, the point at which the co-rotation speed equals the speed of light, although much greater than the 0.004 lt-s light cylinder radius of A. As the pulsars move in their orbits, the line-of-sight from A passes through, and sweeps across, the magnetosphere of B, providing the opportunity to probe its physical conditions. The determination of changes in the radio transmission properties, including the dispersion and rotation measures, will potentially allow the plasma density and magnetic field structure to be probed. Additionally, the ∼70-yr period geodetic precession will cause the line-of-sight to sample different trajectories through the magnetosphere of B. To a lesser extent, the 21-yr orbital precession will also cause changes in the trajectory.
Close inspection of the flux density of the pulses from A ( loss from A is ∼3600 times greater than that from B. In fact, at the light cylinder radius of B, the energy density of the relativistic wind from A is about two orders of magnitude greater than that from B, ensuring that the wind from A will penetrate deep into B's magnetosphere. We find that the energy densities due to the spin-down luminosity (assumed isotropic) emitted by A and the magnetic field of B are in balance at a distance ∼0.2 lt-s from B, about 40% of the light cylinder radius of B, assuming that the magnetic field can be calculated using the standard dipole formula (30) . Within this distance, the energy field of B will dominate, while A will dominate outside. Even though this picture is roughly consistent with the lateral extent of the observed eclipse of A, it is likely that the strong departure of B's magnetosphere from an ideal case makes such calculations uncertain.
Because the point of pressure-balance is deep within the magnetosphere of B, the actual penetration of the wind from A into B's magnetosphere will be a function of the orientation of the rotation and/or magnetic axes of B relative to the direction of the wind and hence will depend on the precessional and orbital phases of B. This is the most likely explanation for the large flux density and pulse-shape changes of B which are seen to vary with orbital phase (Fig. 1) . We note that these changes are essentially the same between 680 MHz and 3030 MHz.
It seems most likely to us that such a broadband modulation arises from the impact of energy in the form of particles, gamma-rays or 44-Hz electromagnetic radiation from the millisecond pulsar A upon the magnetosphere of B. We note that there is a strong indication of significant unpulsed radio emission from the system: the time-averaged pulsed flux density of the pulsars is about 1.8 mJy at 1390 MHz (Table 1) , compared with a total flux density at this frequency of 7 mJy (3). The ∼5 mJy unpulsed emission probably arises in the impact region described above. We find it remarkable, with much of the magnetosphere of B blown away by the wind of A, that B still works as a pulsar. This suggests that the radio emission is probably generated close to the neutron star, providing a direct constraint on the emission height.
Conclusion.
We have detected the binary companion of the millisecond pulsar J0737−3039 as a pulsar, making this the first known double-pulsar system. This discovery confirms the neutron star nature of the companions to recycled pulsars in eccentric binary systems and validates the suggested evolutionary sequences in which a companion star, having spun up the pulsar, forms a young pulsar in a supernova explosion (31) . The highly-relativistic nature of this compact system opens up opportunities for much more stringent tests of relativistic gravitation than have been possible previously. Not only have we already measured four quantities attributable to, and consistent with, general relativity, but the mass-ratio R is a new high-precision constraint that is independent of gravitational theories. Within a year or so we expect to measure the orbital decay due to emission of gravitational radiation. If the intrinsic value due to gravitational-wave damping can be extracted, it will allow tests of radiative aspects of gravitational theories mixed with strong-field effects. On somewhat longer time-scales of a few years we expect to detect several other relativistic effects such as geodetic precession of the pulsars' spin axes, spin-orbit coupling and other deviations, making this a superb testbed for relativity.
The detection of the companion as a pulsar also opens up the possibility of using each pulsar to probe the magnetosphere of the other. The energy flux from the millisecond pulsar is strongly affecting the pulse emission process in the companion and eclipses of the millisecond pulsar by the companion are also seen. Future measurements of orbital variations in pulse shapes, amplitudes, polarization and timing over a range of radio frequencies will give fascinating insights into magnetospheric processes in pulsars. Table 1 : Observed and derived parameters of PSRs J0737−3039A and B using the DD timing model (13, 11) . Standard (1 σ) errors are given in parentheses after the values and are in units of the least significant digit(s). The parameters A, B and δ r in the DD model were assumed to be zero in the analysis. The distance is estimated from the dispersion measure and a model for the interstellar free electron distribution (32 timing residuals obtained by subtracting the model defined in Table 1 from the observed TOAs.
Bottom: as top display, but with the Shapiro delay parameters r and s set to zero. 
